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Studies regarding biofuel cells utilizing biocatalysts such as enzymes and microorganisms as electro-
catalysts have been vigorously conducted over the last two decades. Because of their environmental
safety and sustainability, biofuel cells are expected to be used as clean power generators. Among several
principles of biofuel cells, enzyme fuel cells have attracted signiﬁcant attention for their use as alter-
native energy sources for future implantable devices, such as implantable insulin pumps and glucose
sensors in artiﬁcial pancreas and pacemakers. However, the inherent issue of the biofuel cell principle is
the low power of a single biofuel cell. The theoretical voltage of biofuel cells is limited by the redox
potential of cofactors and/or mediators employed in the anode and cathode, which are inadequate for
operating any devices used for biomedical application. These limitations inspired us to develop a novel
biodevice based on an enzyme fuel cell that generates sufﬁcient stable power to operate electric devices,
designated “BioCapacitor.” To increase voltage, the enzyme fuel cell is connected to a charge pump. To
obtain a sufﬁcient power and voltage to operate an electric device, a capacitor is used to store the po-
tential generated by the charge pump. Using the combination of a charge pump and capacitor with an
enzyme fuel cell, high voltages with sufﬁcient temporary currents to operate an electric device were
generated without changing the design and construction of the enzyme fuel cell.
In this review, the BioCapacitor principle is described. The three different representative categories of
biodevices employing the BioCapacitor principle are introduced. Further, the recent challenges in the
developments of self-powered stand-alone biodevices employing enzyme fuel cells combined with
charge pumps and capacitors are introduced. Finally, the future prospects of biodevices employing the
BioCapacitor principle are addressed.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Studies regarding biofuel cells utilizing biocatalysts such as
enzymes and microorganisms as electrocatalysts have been vig-
orously conducted over the last two decades. Instead of inorganic
or organic catalysts, in biofuel cells, either enzymes or whole-cell
organisms are used as biocatalysts that generate the power di-
rectly from fuel substrates such as glucose and ethanol (Bullen
et al., 2006; Sakai et al., 2009; Shoji et al., 2012; Kouzuma et al.,
2014). Because of environmental safety and sustainability, biofuel
cells have been expected to be used as clean power generators.
Among several principles of biofuel cells, enzyme fuel cells have
particularly attracted attention for use as alternative energyB.V. This is an open access article u
ulture & Technology, 2-24-16sources for future implantable devices (Barton Scott et al., 2004;
Mano and Heller, 2003; Mano et al., 2003, 2004; Fischback et al.,
2006; Halamkova et al., 2012; Rasmussen et al., 2012; Andoralov
et al., 2013), such as implantable insulin pumps and glucose sen-
sors in artiﬁcial pancreata and pacemakers (Macvittie et al., 2013).
Because the output voltage and current signals are dependent on
the fuel concentration, the enzyme fuel cell conﬁguration has been
recognized to be a type of biosensor. The pioneering study by Katz
et al. (2001) reported that an enzyme fuel cell can be used as an
alternative to an enzyme sensor system because the output vol-
tage and current signals are dependent on the fuel concentration.
We have been engaged in the development of enzyme bioelec-
trochemical devices based on the use of unique enzymes, which
are able to transfer directly to the electrode during their biocata-
lytic reaction (Sode et al., 1996; Yamazaki et al., 1999, 2008; Na-
kazawa et al., 2003; Okuda et al., 2007; Tsugawa et al., 2012). Such
enzymes are composed of catalytic subunits and electron transfer
subunits or domains, including the heme-binding cytochrome c ornder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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enables enzymes to directly transfer electrons to the electrode in
the absence of artiﬁcial electron acceptors. Using these enzymes,
we reported the ﬁrst direct electron transfer-based glucose bio-
sensing system-based enzyme fuel cell principle (Kakehi et al.,
2007).
Furthermore, together with the advanced and clinical use of
subcutaneously implanted enzyme sensors for continuous glucose
monitoring (CGM) systems and their application in combination
with wireless transmission systems, the expectation of the use of
enzyme fuel cell principle-based CGMs has increased. An enzyme
fuel cell-type sensor is easy to miniaturize because it does not
require other devices such as a potentiostat. A miniaturized
wireless glucose-sensing system can be constructed by connecting
a biofuel cell to a transmitter. If a cell can be made to work both as
a glucose sensor and as a power source for the transmitter, a
stand-alone, self-powered wireless glucose sensing system that
operates and sends signals using only the power generated in the
cell without any external power source can be constructed.
However, the inherent problem of the biofuel cell principle is
the low power output of a single biofuel cell. The theoretical vol-
tage of the biofuel cell is limited by the redox potential of cofactors
and/or mediators employed in the anode and cathode, which is
usually lower than 0.5 V. The voltage generated by single-cell
enzyme fuel cells is insufﬁcient for operating any devices for use in
biomedical applications. To increase the power of enzyme fuel
cells, multiple cells are arranged in parallel to one another to in-
crease the current, and they are also arranged in series to obtain
high voltage (Desriani et al., 2010; Szczupak et al., 2012). However,
these attempts are clearly not acceptable for implantableFig. 1. The principle of BioCapacitor. A charge pump boosts the voltage and a capacitor s
voltage, it stored the boosted electric energy discharge from capacitor to electric power. T
to electric devices.biosensing device applications.
These limitations inspired us to develop a novel biodevice
based on enzyme fuel cells that generates sufﬁcient stable power
to operate electric devices and transducers, designated “BioCapa-
citor.” To increase voltage, an enzyme fuel cell is connected to a
charge pump. To obtain a sufﬁcient power and voltage to operate
an electric device, a capacitor is used to store the potential gen-
erated by the charge pump. Using the combination of a charge
pump and capacitor with the enzyme fuel cell, high voltages with
sufﬁcient temporary current to operate an electric device were
generated without changing the design and construction of the
enzyme fuel cell. The frequency of the charge or discharge cycle
depends on the electric power generated by the cell, which in turn
depends on the fuel concentration in the cell. In this review, the
BioCapacitor principle is described. Three representative cate-
gories of biodevices employing the BioCapacitor principle are in-
troduced. Then, the recent challenge in the development of self-
powered stand-alone biodevices employing enzyme fuel cells
combined with charge pumps and capacitors is introduced. Finally,
the future prospect of the biodevices employing the BioCapacitor
principle is addressed.2. The principle of BioCapacitor
A BioCapacitor is composed of three main elements, as shown
in Fig. 1. The ﬁrst element is an enzyme fuel cell, in which enzymes
oxidize or reduce the substrate to generate electric power. The
second element is a charge pump circuit that boosts the voltage
supply from the enzyme fuel cells. The third element is a capacitortores the electrical energy. When the capacitor voltage reach to the discharge start
he Biocapacitor repeat charge or discharge cycles to supply sufﬁcient electric power
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sufﬁcient electric power for operating electric devices can be
generated without modifying the design and construction of the
enzyme fuel cells.
The BioCapacitor completes repeat charge or discharge cycles
to supply sufﬁcient electric power to electric devices as follow.
(1) With the supply of electric power from the enzyme fuel cells,
the charge pump circuit is driven. (2) The power is converted to
the stepped-up electric power in the charge pump circuit. (3) The
stepped-up electric power output from the charge pump circuit is
gradually charged to the capacitor until the voltage reaches the
discharge start voltage. (4) The comparator in the charge pump
circuit compares the capacitor voltage with the discharge start
voltage and outputs the digital signal indicating which is larger.
When the capacitor voltage exceeds the discharge start voltage,
discharge control switch turns on by the output signal of the
comparator. As a result, the charge pump circuit switches from the
charge step to the discharge step. (5) Electric power is supplied to
the electric device from the capacitor. (6) The comparator in the
charge pump circuit compares the capacitor voltage with the
discharge stop voltage. When the capacitor voltage declines in the
discharge stop voltage, discharge control switch turns off. As a
result, the charge pump circuit switches to the charge step.
Higher electricity-generating power results in short charge or
discharge intervals in the BioCapacitor, Conversely, lower elec-
tricity-generating power results in long charge or dischargeFig. 2. Representative model of the BioCapacitor. (a) Diagram of the BioCapacitor circ
centration on the charge or discharge frequency of the BioCapacitor. 10 μF of capacitor w
charge or discharge frequency of the BioCapacitor. The Biocapacitor circuit was operateintervals. As the electricity-generating power of the enzyme fuel
cells is dependent on the fuel concentration, the charge or dis-
charge frequency of the BioCapacitor is dependent on the fuel
concentration. In other words, the fuel concentration can be
measured using the charge or discharge frequency as an index.
Additionally, the charge or discharge frequency also depends on
the capacitance of the capacitor. A larger capacitance leads to
longer charge or discharge intervals and the discharge of larger
quantities of electricity at a time.
As a representative model, we have reported the BioCapacitor
using FAD-dependent glucose dehydrogenase (FADGDH) as the
anodic catalyst of the enzyme fuel cells and attempted to assess
the frequency of charge or discharge cycles based on glucose levels
(Fig. 2a). We used a commercially available charging pump in-
tegrated circuit (IC) in which operation minimum input voltage
and discharge start voltage are 0.3 and 1.8 V, respectively, to
construct the BioCapacitor. The effect of glucose concentrations on
the charge or discharge frequency of the BioCapacitor is shown in
Fig. 2b. The frequency of charge or discharge cycles increased as
the glucose concentration increased. Namely, the electromotive
force of fuel cells was increased by increasing glucose concentra-
tions, and as a result, the charge or discharge frequency of the
BioCapacitor was increased by the faster charging rate of the ca-
pacitor. This result indicated that the BioCapacitor-connected en-
zyme fuel cell can be used as a biosensor to determine substrate
concentrations in a fuel cell. The effect of the capacitance of theuit and direct electrotransfer type glucose fuel cell. (b) Effect of the glucose con-
as connected to the charge pump circuit. (c) Effect of the capacitance on the on the
d in the presence of 10 mM Glucose.
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under a ﬁxed glucose concentration condition is shown in Fig. 2c.
The frequency of the charge or discharge cycle decreased as the
glucose concentration increased, in line with our expectation. This
result demonstrated that the frequency of the charge or discharge
cycle of a BioCapacitor can be adjusted using capacitors with dif-
ferent capacitances.3. Biosensing devices using a BioCapacitor
The BioCapacitor can generate sufﬁcient power to operate
electric devices intermittently without any external power supply.
The interval of the output signal from the BioCapacitor-connected
enzyme fuel cell depends on the power supply from the enzyme
fuel cell, which depends on the concentration of fuel (substrate) in
the cell. This means that stand-alone, self-powered sensing sys-
tems can be constructed using a BioCapacitor and enzyme fuel
cells. A light, a sonic wave, and an electromagnetic wave deviceFig. 3. The BioCapacitor based IR-LED wireless sensing system. Block diagram (a) and sch
the closed-circuit voltage and frequency of charge or discharge cycle on glucose (d) Depe
with modiﬁcation from Hanashi et al. (2009). Abbreviations: EFC, enzyme fuel cell; IR-Pconnected to the BioCapacitor circuit can be used to measure the
substrate concentration in the enzyme fuel cell by observing the
interval of a blinking signal from the electric devices as an index.
In this section, our three representative stand-alone, self-
powered glucose sensors are introduced. In these biodevices, we
used direct electron transfer-based biofuel cells. Most of the en-
zyme fuel cells, focusing their application in implantable devices,
utilize glucose as the fuel to be oxidized at the anode, on which
glucose oxidase (GOx) or GDH is immobilized with the artiﬁcial
electron acceptors. Because the cofactors of redox enzymes are
buried deeply in their protein structure, the use of artiﬁcial elec-
tron acceptors or precisely designed electrode surface with na-
noscale conductive materials is inevitable for the electron transfer
from enzymes to electrodes, which is the same as the principle for
conventionally studied and utilized amperometric enzyme sen-
sors. We have been engaged in the development of enzyme
bioelectrochemical devices based on the use of unique enzymes
that are able to transfer directly to the electrode during their
biocatalytic reaction. Such enzymes are composed of catalyticematic illustration (b) of IR-LED wireless glucose sensing system. (c) Dependence of
ndence of frequency of signal reception in the receiver circuit. The ﬁgure is prepared
hTr, infrared ray phototransistor.
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heme-binding cytochrome c or b. The presence of the electron
transfer subunit or domain enables them to transfer electrons to
the electrode directly in the absence of artiﬁcial electron acceptors.
We created a wireless sensing system by combining an infrared
ray light-emitting diode (IR-LED) and an IR phototransistor
(Fig. 3a) (Hanashi et al., 2009). Because IR displays better percu-
taneous permeability than visible light, it can send a signal to an
extrasomatic IR receiver from the implanted sensor with percu-
taneous permeation. The BioCapacitor supplies sufﬁcient power
(1.4 V) to intermittently operate an IR-LED, which is connected to
the BioCapacitor circuit as a transmitter, and the signal can be
monitored by the IR receiver circuit, which is wirelessly connected
to the sensing device, as shown in Fig. 3b. In this system, we used a
glucose fuel cell with an FADGDH complex-based anode and a
platinum-supported carbon ink-coated carbon cloth as a cathode
electrode. In the presence of glucose in the fuel cell, the IR-LED
emitted a signal due to the discharge of the BioCapacitor (Fig. 3c).
The IR phototransistor received the emitted IR signal, and an
electrical current ﬂowed into the receiver circuit. The input signalFig. 4. The BioRadioTransmitter (upper) and the BioLC-Oscilator (lower). Block diagram
wave signal of the BioRadioTransmitter (c) and the BioLC-Oscilator (d). (e) Effect of glu
Transmitter.* (f) Effect of glucose concentration in the fuel cell on the frequency spectrum
Hanashi et al. (2011)and from Hanashi et al. (2012).in the IR phototransistor corresponds to the charge or discharge
cycle of the BioCapacitor. As shown in Fig. 3d, the interval of signal
reception from the IR-LED exhibited a good correlation with the
glucose concentration in the enzyme fuel cells from 0.2 mM to
20 mM, which covers the hypoglycemic and hyperglycemic ranges
in most patients with diabetes mellitus. The maximum closed-
circuit voltage of the glucose fuel cells and minimum operating
voltage of IR-LED is 0.35 and 1.4 V, respectively; therefore, the IR-
LED cannot be operated by a single glucose fuel cell. The genera-
tion of sufﬁcient electric power to operate the IR-LED was possible
through the utilization of a BioCapacitor.
Next, we developed a BioRadioTransmitter system by combin-
ing a BioCapacitor with an oscillator circuit (Hanashi et al., 2011)
(Fig. 4a). As radio waves are insusceptible to shielding, such as that
caused by bodily ﬂuids and skin, radio waves are suitable trans-
mitters for implantable biosensors. A Hartley oscillator circuit,
which was formed with a ﬁeld effect transistor, capacitor, and coil,
was connected to the BioCapacitor. When the capacitor discharged
in the presence of glucose, the oscillator circuit generated a radio
wave with a resonance frequency of 88 kHz, which was monitoredof the BioRadioTransmitter (a) and the BioLC-Oscilator (b). Frame formats of radio
cose concentration in the fuel cell on the transmission frequency of the BioRadio-
of radio wave of the BioLC-Oscilator. The ﬁgure is prepared with modiﬁcation from
Table 1
A list of self-powered standard-alone biodevices employing enzyme fuel cells combined with the BioCapacitor principle.
Substrate Electrode Enzyme Electrical
device
Capacitor Input
voltage
to charge
pump
Output
voltage
from
charge
pump
Operating
voltage of
device
Power con-
sumption of
device
Discharge
capacity*a
Reference Calculated oper-
ating time is
one cycle of
discharge
Anode Cathode Anode Cathode Anode Cathode Radio
transmitter
47 μF (4
series)
0.57 V 3.8 V 3.8 V 25 μW N.A. Falk et al.,
2014
N.A.
Glucose
Lactose
Oxygen Toluidine-modiﬁed re-
dox polymer on gra-
phite, Aryl diazonium
activated SWCNT-
modiﬁed nanos-
tructured carbon
CNT/CMF
modiﬁed
electrode
CDH Laccase
Glucose
Fructose
Oxygen MWCNT-modiﬁed buckypaper PQQGDH FADFDH Laccase Radio
transmitter
6.8 mF 0.25 V 3.6 V 1.8 V 540 μW (1.8 V,
300 μA)
0.9 μA h MacVittie
et al., in
press
10.8 s
Fructose Oxygen Carbon nanotube forest (CNTF) ﬁlms FDH Laccase LED 1 μF 0.3 V 2 V 1.6 V N.A. 0.46 nA h Miyake
et al., 2011
N.A.
Glucose Oxygen MWCNT-modiﬁed buckypaper PQQGDH Laccase Pacemaker Not used 0.3 V 3 V 3 V 0.3 mW (3 V,
0.1 mA)
N.A. Southcott
et al., 2013
N.A.
Glucose Oxygen Carbon nanotube based 3D
electrode
GOx (mediator:
naphthoquinone)
Laccase LED N.A. 0.3 V 3 V N.A. 1.13 mW N.A. Reuillard
et al., 2013
N.A.
Glucose Oxygen MWCNT-modiﬁed buckypaper PQQGDH Laccase Electrical
motor
1 F Not used Not used N.A. 8 μW (1 h, 28.8
mJ)
8 μA h Szczupak
et al., 2012
N.A.
Glucose Oxygen MWCNT-modiﬁed bioelectrode GOx Laccase LED 220 μF 0.3 V 3 V 2.9 V 11.9 mW
(4.1 mA, 2.9 V)
32 nA h Zebda
et al., 2013
LED: 28 ms
Digital
thermometer
1.5 V 75 μW (50 μA,
1.5 V)
Digital thermo-
meter: 2.3 s
Glucose Oxygen Ketjen black
modiﬁed car-
bon cloth
Pt/C modiﬁed
carbon cloth
FADGDH Bilirubin
oxidase
IR LED 10 μF 0.3 V 1.8 V 1.8 V 36 mW (1.8 V
20 mA)
0.56 nA h Hanashi
et al., 2009
LED: 0.1 ms
Glucose Oxygen Ketjen black
modiﬁed screen
printed carbon
electrode
Pt/C modiﬁed
screen printed
carbon electrode
FADGDH Bilirubin
oxidase
Radio
transmitter
4.7 μF 0.3 V 1.8 V N.A. N.A. 0.26 nA h Hanashi
et al., 2011
N.A.
Glucose Oxygen Ketjen black
modiﬁed screen
printed carbon
electrode
Pt/C modiﬁed
screen printed
carbon electrode
FADGDH Bilirubin
oxidase
Radio
transmitter
0.47 μF 0.3 V 1.8 V N.A. N.A. 0.026 nA h Hanashi
et al., 2012
N.A.
Glucose Oxygen Ketjen black
modiﬁed screen
printed carbon
electrode
Pt/C modiﬁed
screen printed
carbon electrode
FADGDH Bilirubin
oxidase
Stepper
motor
470 μF 0.3 V 1.8 V N.A. N.A. 26 nA h Hanashi
et al., 2014
N.A.
N.A.: Not available.
a Discharge capacity¼ ½*(capacitance)*(discharge start voltage)2½*(capacitance)*(charge start voltage)2.
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increasing glucose concentrations in the enzyme fuel cells
(Fig. 4c); therefore, the BioRadioTransmitter system can be used as
a wireless biosensor (Fig. 4e).
Furthermore, we developed an advanced BioRadioTransmitter,
a BioLC-oscillator consisting of a BioCapacitor and a voltage control
oscillator (VOC) circuit, resonance frequencies of which depend on
the voltage of the enzyme fuel cells (Hanashi et al., 2012) (Fig. 4b).
The BioRadioTransmitter system can detect glucose concentrations
by measuring the transmission frequency. That is, more than two
signal transmissions are required for glucose monitoring (Fig. 4c).
By utilizing the VOC circuit, the resonance frequency of radio
waves depended on the electric power of the enzyme fuel cells as
shown in Fig. 4d; therefore, the glucose concentration could be
estimated by a single signal transmission (Fig. 4f).4. Exploiting BioCapacitor principle
As described in the previous section, the representative con-
ﬁguration of a BioCapacitor consists of an enzyme fuel cell con-
nected to the capacitor via a charge pump. Throughout the utili-
zation of the charge pump and capacitor, the generation of high
voltages along with high currents sufﬁcient to operate electrical
devices was achieved. Thus, a simple and innovative principle al-
lows the combination of any types of biofuel cell principles with
the BioCapacitor principle. Together with the current development
of a variety of nanomaterials, methods for enzyme immobilization,
and anode and cathode design that enhance the efﬁciency and
power of electricity generation from biofuel cells, a variety of
biodevices employing the BioCapacitor principle have been re-
ported recently (Table 1).
Fructose dehydrogenase (FDH) derived from Gluconobacter sp.
(Ameyama et al., 1981) is often utilized in the anodic enzyme for
enzyme fuel cells, as FDH is capable of direct electron transfer with
electrodes (Ikeda et al., 1991; Kawai et al., 2014) because the sys-
tem consists of a catalytic subunit with FAD and a multiheme
electron transfer subunit, similar to our reported FADGDH com-
plex (Sode et al., 1996; Yamazaki et al., 1999). Focusing on the
utilization of FDH as the anodic catalyst and a newly developed
carbon nanotube-based electrode for the enzyme fuel cell com-
ponent, a power generation device was constructed in combina-
tion with the BioCapacitor principle (Miyake et al., 2011). This
group connected a biofuel cell composed of an FDH-based anode
and laccase-based cathode, and the LED device consisted of a
charge pump IC, capacitor, and a red LED. The electrical energy
was increased by the charge pump IC and capacitor, and the
generated power can be transmitted to the electric leads of an LED
device. The blinking interval of the LED was inversely proportional
to the power of the biofuel cell.
Falk et al. (2014) recently reported a single enzyme fuel cell-
based wireless biosensing system using the BioCapacitor principle.
In this study, they used cellobiose dehydrogenase (CDH) as the
anodic enzyme (Henriksson et al., 2000). CDH is an enzyme with
wide substrate speciﬁcity. Its primary substrate is cellobiose;
however, it also oxidizes lactose and glucose. CDH is capable of
direct electron transfer to the electrode. In this study, they oper-
ated this device using lactose as fuel. Our previous study reported
the ﬁrst stand-alone, self-powered wireless glucose sensing sys-
tem by monitoring the frequency of wireless radio signal trans-
mission, which was operated by the charge or discharge frequency.
In this report, they employed the BioCapacitor principle to gen-
erate sufﬁcient power from lactose to intermittently operate the
wireless transmission circuit, which transferred the sensing data
measuring lactose concentrations.
Glucose is the most attractive and abundant “fuel” for enzymefuel cells, as a variety of glucose-oxidizing enzymes have been
reported and utilized as the anodic enzymes of enzyme fuel cells.
In particular, glucose exists in vivo; therefore, glucose utilization is
expected to be a sustainable energy source for the operation of
variety of electric devices for in vivo usage. Pyrroloquinoline qui-
none (PQQ)-dependent GDH (Takahashi et al., 2000), which dis-
plays the highest catalytic performance among reported glucose
oxidoreductases, was used as the anodic enzyme of enzyme fuel
cells in combination with the BioCapacitor principle (Southcott
et al., 2013). Using PQQGDH as the anodic enzyme, laccase as a
cathodic enzyme, and buckypaper as the electrode material, a
glucose enzyme fuel cell was constructed. The aim of this study
was to operate a pacemaker using glucose enzyme fuel cells,
which required a voltage of up to 3 V. Therefore, the constructed
glucose enzyme fuel cell was combined with a charge pump and a
DC–DC converter (charge pump). The combination of the charge
pump and the DC–DC converter can use the biofuel cell input
voltage (0.3–0.5 V) to generate a ﬁxed voltage of 3 V. The pace-
maker was operated by a single biofuel cell under human phy-
siological conditions.
GOx is the representative enzyme for both enzyme glucose
sensors and enzyme fuel cells. GOx-based enzyme fuel cells were
constructed using three-dimensional bioelectrodes employing
carbon nanotubes and naphthoquinone as the mediator (Reuillard
et al., 2013). The enzyme fuel cell was connected with a charge
pump and capacitor to operate the LED.
The in vivo applications of previously constructed biodevices
employing the BioCapacitor principle were reported. Because of
the sufﬁcient power supply based on the BioCapacitor principle,
although in combination with a single enzyme fuel cell, minia-
turized power supply units were developed and applied for the
in vivo operation of electronic devices. Zebda et al. (2013) reported
a rat brain-implanted LED device operated by an enzyme fuel cell
employing the BioCapacitor principle. They constructed an en-
zyme fuel cell composed of a carbon nanotube-immobilized GOx-
based anode with a diameter of 5 mm and a laccase cathode. To
obtain power to operate the LED, the enzyme fuel cell was con-
nected to a boost converter (charge pump and capacitor) to illu-
minate the LED.
Enzyme fuel cells implanted in live clams were reported in
combination with a capacitor (Szczupak et al., 2012). The enzyme
fuel cells consisted of an enzyme anode with buckypaper-im-
mobilized PQQGDH and an enzyme cathode with buckypaper-
immobilized laccase. The electrode was inserted into clams to
generate the power and connected in parallel to the capacitor to
accumulate electrical energy for activating external electrical de-
vices. Further, the constructed “living battery” implanted in clams
charged a capacitor for 1 h, after which the capacitor was dis-
charged on a DC-rotary electrical motor that resulted in its rota-
tion on approximately one-quarter of a full turn.
This group has also developed an in vivo monitoring system
implanted in an orange using the BioCapacitor principle (MacVittie
et al., in press). They constructed enzyme fuel cells containing
buckypaper-immobilized FDH and PQQGDH as the anodes and
buckypaper-immobilized laccase as the cathode. These two en-
zymes in the anode oxidized glucose and fructose in the orange,
thereby creating energy. Thus, the voltage produced by the en-
zyme fuel cell was ampliﬁed by the combination of a charge pump
and capacitor to operate a wireless transmission device.
We recently reported a unique biodevice concept employing
the BioCapacitor principle, namely the “Autonomous Self-powered
Bio-sensing Actuator” (Hanashi et al., 2014). This BioCapacitor-
based biodevice uses a direct electron transfer-type enzyme fuel
cell connected to a charge pump and capacitor to operate a stepper
motor as the actuator (Fig. 5a). In the presence of glucose, the
enzyme fuel cell generates electricity that was pumped up and
Fig. 5. The BioCapacitor based autonomous self-powered biosensing actuator. (a) Block diagram of the automumous self-powered biosensing actuator and stepper motor
device. (b) Dependence of the activated frequency and rotated angle of stepper motor on glucose concentration in the fuel cell.* (c) Schematic illustration of the liquid
micropumping system that employs a stepper motor. (d) Effect of glucose concentration on the ﬂow rate of the liquid micropumping. The ﬁgure is prepared with mod-
iﬁcation from Hanashi et al. (2014).
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electricity to operate the actuator. The torque and rotational speed
of the stepper motor were dependent on the glucose concentra-
tion (Fig. 5b). A higher glucose concentration resulted in a higher
charge or discharge frequency of the capacitor as a function of the
enzyme reaction at the anode. The actuator was operated by the
energy derived from the discharged electricity of the capacitor.
Therefore, the performance of the actuator was regulated by the
glucose concentration. The liquid micropumping system that em-
ploys a stepper motor was constructed using a combination of the
aforementioned devices (Fig. 5c). The pump pressure was gener-
ated from the stepper motor rotation, and the rotational speed of
the stepper motor was determined from the charge or discharge
frequency of the BioCapacitor. The ﬂow rate of the constructed
liquid micropumping system was controlled by the glucose con-
centration. In other words, the liquid-pumping system, which
employed the BioCapacitor principle, regulated the ﬂow rate
through changes in the glucose concentration (Fig. 5d). The prin-
ciple demonstrated in this study suggested the applicability of the
BioCapacitor principle in the development of a novel biomedical
device harboring an actuation component that responds to the
sensed value. Such an intelligent biodevice that employs the Bio-
Capacitor principle will be utilized to develop an insulin-pumping
system powered and operated by monitoring glucose concentra-
tions, thus facilitating the development of an artiﬁcial pancreas.
These BioCapacitors operated the various electric devices ac-
cording to each purpose. Comparing the discharge capacity of
Biocapacitor and the power consumption of the electric device, the
operating time could be calculated. The discharge capacities cal-
culated by the discharge voltage of the charge pump and thecapacitance of the capacitor are 0.9 μA h (Macvittie et al., in press),
32 nA h (Zebda et al., 2013) and 0.56 nA h (Hanashi et al., 2009),
respectively (Table 1). Moreover, for the power consumption of the
electric device, the operating time using the single discharge ca-
pacity of the Biocapacitor was calculated. The Biocapacitor con-
structed by Macvittie operated the wireless transmission device
for 10.8 s (Macvittie et al., in press). Zebda’s one operated the LED
for 28 ms and the digital thermometer for 2.3 s (Zebda et al., 2013).
Hanashi’s one operated the LED for 0.1 ms (Hanashi et al., 2009).
These Biocapacitors have a sufﬁcient operating time and were set
the suitable discharge capacity for the operating purpose of elec-
tric device.5. Future prospects
The principle of the BioCapacitor makes the possibility of
practical applications for biofuel or enzyme fuel cells more rea-
listic. Even though the biofuel cell is ecological and sustainable, a
single cell will not theoretically generate sufﬁcient electricity to
operate currently available electronic devices, especially in the
medical and healthcare ﬁelds. However, biofuel cells combined
with a charge pump circuit and capacitor enable them to operate
LEDs, radio transmitters, and pumps, which are expected to be
utilized in implantable devices in the medical ﬁeld. Current cut-
ting-edge studies of biofuel cells achieved further miniaturized
electrodes with higher current densities together with advanced
nanotechnology employment, utilizing glucose as well as acet-
aldehyde and cholesterol as the fuel to realize self-powered bio-
sensing systems in vitro and in vivo (Zhang et al., 2012; Arrocha
K. Sode et al. / Biosensors and Bioelectronics 76 (2016) 20–2828et al., 2014; Sekretaryova et al., 2014; Zloczewska et al., 2014).
With the increase of biofuel cell performance, several speciﬁc
technological issues regarding the BioCapacitor principle must be
highlighted. Current BioCapacitor-based studies have utilized
commercially available charge pump circuits or handmade digital
circuits. Commercially available charge pump circuits do not ide-
ally ﬁt in combination of biofuel cells because they are designed
and produced assuming their application in combination with
conventional batteries or solar cells. Even though their tiny size is
suitable for built-in circuits, their required starting electric power
and voltage are generally not suitable for current biofuel cell
performance, and they consume the generated powered in the
biofuel cell only to operate charge pump circuits. Therefore, for the
future advancement of BioCapacitor-based biodevices, the devel-
opment of low-power consuming-type charge pump circuits
starting from low voltages should be developed, as they are sui-
table for use in combination with miniaturized single-cell biofuel
cells.
These advanced biofuel cell technologies and improvements of
charge pump circuit performance will further expand the possi-
bilities of the application of BioCapacitor principle in future stand-
alone, self-powered, autonomous biodevices. Possibly, micro-
processors will also be operated by the BioCapacitor principle,
which is the necessary component for programmable autonomous
biodevices to operate self-powered sensor-based autonomous
drug delivery systems, represented by the closed loop insulin
pump system, to realize the artiﬁcial pancreas.References
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